Results
boundary fail to up-regulate dpp, Ptc, and Ci expression (Figures 1F, 1H, and 1J) . Hence, we conclude that smo is normally required in these cells for Hh signal transducSmo Is Required by Anterior Cells to Transduce Hh and to Impede the Spread of Hh into tion. In contrast, all three responses are induced ectopically in wild-type A cells positioned immediately anterior the Anterior Compartment The hh, ptc, and smo genes were initially identified by to these clones, often many cell diameters anterior to the normal A/P boundary. Hence, these cells behave as saturation genetic screens (Nü ssl ein- Volhard and Wieschaus, 1980; Nü sslein-Volhard et al., 1984) and if exposed to secreted Hh that has moved too far into the A compartment. We conclude that Smo activity is subsequently assigned to the Hh signal transduction pathway by genetic epistasis experiments performed in required in A compartment cells along the A/P boundary for these cells both to transduce Hh and to limit its embryos (Ingham et al., 1991; van den Heuvel et al., 1993; Hooper, 1994) . As noted in the Introduction, the further movement into the A compartment. loss of ptc causes a similar phenotype to that of ectopic of hh both in embryos and in the developing adult apSmo Acts Indirectly to Impede pendages (Phillips et al., 1990; Ingham et al., 1991; In- the Movement of Hh gham, 1993; Basler and Struhl, 1994; Capdevila et al., In principle, Smo, a transmembrane protein, could im-1994; Jiang and Struhl, 1995; Li et al., 1995) . To assay pede the movement of Hh by binding and sequestering the role of smo, we have generated clones of cells homothe protein as it enters the A compartment. However, zygous for smo 3 , an amorphic allele (see Experimental smo activity is also essential to transduce Hh, sugProcedures), in the developing wing.
gesting that Smo might act indirectly by up-regulating Hh secreted by P compartment cells in the wing norother gene products such as Dpp, Ptc, or Ci. To test mally acts at short range to induce A compartment cells whether one or more downstream outputs of Hh signaljust across the compartment boundary to transcribe ing can suffice to limit the movement of Hh, we sought to dpp (Basler and Struhl, 1994; Tabata and Kornberg, activate the Hh transduction pathway in A compartment 1994; Zecca et al., 1995) . Clones of smo 3 cells that arise cells that lacked smo gene function. either in the P compartment, or in portions of the A Protein kinase A (PKA) is normally required in A comcompartment distant from the A/P boundary, develop partment cells to prevent inappropriate Ptc, Ci, and dpp normally ( Figure 1A ; data not shown). In contrast, smo expression in the absence of Hh signaling (Jiang and clones that arise immediately anterior to the A/P bound- Johnson et al., 1995; Lepage et al., 1995 ; ary are associated with reorganized wing patterns (FigLi et al., 1995; Pan and Rubin, 1995) . We therefore asked ure 1C). Hence, smo is required specifically in A cells whether eliminating PKA activity might suffice to actipositioned along the A/P boundary, the same cells that vate the intracellular Hh transduction pathway in smo 3 are normally induced by Hh to transcribe dpp. cells (Experimental Procedures). As shown in Figure 2B , In wings bearing large A compartment clones of smo 3 this is indeed the case; clones of smo 3 PKA Ϫ cells excells that abut the A/P boundary (e.g., Figure 1C ), the press high levels of Ptc regardless of their position within entire A compartment is reorganized to form a mirror the A compartment, in contrast to smo 3 PKA ϩ cells (Figsymmetric double-A winglet with the plane of symmetry  ure 2A) , and similar results have been obtained for Ci running along the anterior border of the clone. Conand dpp expression (data not shown; van den Heuvel versely, the P compartment is severely reduced and and Ingham, 1996) . Hence, these clones can be used forms structures normally located far from the compartto test whether constitutively activating the Hh signal ment boundary. A clue to interpreting this phenotype transduction pathway can restore the ability of smo 3 is that the double-A winglets resemble supernumerary cells to restrict the movement of Hh. We find that both winglets organized by clones of ectopic dpp-expressing Ptc and dpp-lacZ expression are up-regulated in wildcells in the middle of the A compartment (Zecca et al., type cells anterior to smo 3 PKA ϩ clones ( Figure 2A ) but 1995), whereas the loss of P compartment structures are not up-regulated in wild-type cells anterior to smo 3 resembles that observed following the elimination of en-PKA Ϫ clones ( Figure 2B ). We therefore infer that one or dogenous dpp activity along the compartment boundary more downstream outputs of Hh signaling induced by (Posakony et al., 1991) . Thus, the loss of smo activity the loss of PKA activity can suffice, even in the absence in these clones appears to cause an anterior shift in the of Smo activity, to block the spread of Hh into the A distribution of dpp-expressing cells ( Figures 1B and 1D) .
compartment. Because exposure to Hh is both necessary and sufficient to induce A cells to express dpp (Basler and Struhl, Ptc Restricts the Movement of Hh 1994; Tabata and Kornberg, 1994; Zecca et al., 1995) , Of the proteins known to be up-regulated in response we interpret this shift as evidence that the loss of Smo to Hh signaling, only Ptc is an integral transmembrane activity abolishes the ability of A cells to respond to Hh protein, raising the possibility that it may directly bind and also allows Hh to spread abnormally far into the A and sequester Hh. We therefore generated large A comcompartment until it reaches, and is transduced by, partment clones of ptc Ϫ cells that abut the A/P compartsmo ϩ cells. ment boundary and used the up-regulation of Ptc and To test this interpretation, we assayed dpp, Ptc, and dpp-lacZ expression in more anteriorly situated ptc ϩ Cubitus interruptus (Ci) expression, because all three cells to monitor their exposure to Hh (Experimental Proare normally up-regulated in A compartment cells in cedures). As shown in Figures 2C and 2D , these more response to Hh ( Figures 1E, 1G , and 1I). We find that clones of smo 3 cells located just anterior to the A/P anteriorly situated cells do indeed up-regulate both Ptc and (D) show our interpretation of Hh signaling in these wings. The wing shown in (A) and (B) carries a smo 3 clone located between veins 1 and 2 (outlined in pink) and develops normally, indicating that smo is not required in A compartment cells away from the A/P boundary (shown in turquoise). In contrast, the wing shown in (C) carries a smo 3 clone just anterior to the A/P compartment boundary, and the A compartment of this wing has developed as a double-A winglet at the expense of the P compartment; note that the plane of symmetry in the winglet coincides with the anterior border of the clone (along vein 3). We interpret these results as follows. smo 3 /ϩ cells in the A compartment (gray) are normally primed to respond to Hh (dark blue) by transcrib ing dpp (red). However, smo 3 cells (white) can neither transduce nor sequester Hh. Such clones are normal when positioned away from the A/P boundary, because cells in this position are not exposed to Hh and do not require smo to turn on dpp (A and B). However, when positioned along the A/P compartment boundary, smo 3 clones fail to turn on dpp in response to Hh and also allow Hh to spread abnormally far into the A compartment until it reaches, and induces ectopic dpp expression in, smo ϩ cells immediately anterior to the clone (D). Landmark structures of the wing are indicated in (A) and (C) as follows: longitudinal veins (1-5), posterior wing margin (m), triple row and double row margin bristles (TR, DR), and the transition between TR and DR (arrowhead). (E-J) Normal wing discs (E, G, I) and wing discs bearing smo 3 clones just anterior to the A/P boundary (F, H, J) assayed for the response of A compartment cells to Hh. In normal discs, a thin strip of A compartment cells across the boundary express dpp (E and G) and up-regulate Ci (G) and Ptc (I) expression in response to Hh secreted by P compartment cells. In contrast, clones of smo 3 cells that arise immediately anterior to the A/P boundary (turquoise in the merged central image) fail to express dpp (F and H) or to up-regulate Ci (H) or Ptc (J), indicating that they are no longer able to respond to Hh signaling; however, all three responses occur ectopically in thin strips of smo ϩ cells positioned immediately anterior to the borders of these smo 3 clones, indicating that Hh has spread abnormally far until it reached and was transduced by smo ϩ cells. Protein (Ci, Ptc, CD2) and gene (dpp, en, hh, arm-lacZ) expression are shown as labeled on the images and diagrammed at the bottom of the figure (gene expression is monitored by ␤-gal expression from lacZ reporter genes; protein expression is monitored using appropriate antisera). In the merged (central) images shown in (F, H, J), clone boundaries are shown in black (except when they abut the A/P boundary shown in turquoise), and the clones are indicated by dark blue arrows. In (E), (F), and (I), hh and engrailed (en) expression serve to show the P compartment; in (G), (H), (I), and (J), Ci and Ptc staining serve to show the A compartment (though the level of expression of both Ci and Ptc depends on whether they are upregulated in response to Hh). In addition, smo 3 cells are marked independently in (F) and (J) by the absence, respectively, of CD2 and armlacZ expression and their presence inferred in (H) based on the absence of dpp expression in a broad stripe of A compartment cells along the A/P boundary (compare with [F] ). Note that there are additional smo 3 mutant clones in the P compartments of the discs shown in (F) and (J). Here, and in subsequent figures, wing discs are oriented anterior to left and ventral side up, and the exact genotypes are given in Experimental Procedures according to figure number and panel letter. , and (E), the dpp-Z gene used to monitor dpp transcription is eliminated in cells belonging to the clone (Experimental Procedures); hence, in these images, dpp expression is assayed only in cells outside of the mutant clones. The clones are marked by the absence of dpp expression (A, B, D, and E), the absence or low level of Ptc expression (A, C, and D), and the up-regulation of Ptc expression (B and E), depending on the genotype; the A/P compartment boundary coincides with the posterior borders of Ptc (A, B, and E) and dpp (C) expression and with the anterior border of en (B) expression. The dpp-Z reporter gene used in (D and E) is also expressed uniformly at low level in all wing cells, providing an independent means to mark the clones throughout the wing disc. Finally, the white arrows in (B and E) indicate additional smo 3 PKA Ϫ (B) and ptc S2 (E) clones positioned at a distance from the A/P compartment boundary.
and dpp-lacZ expression, indicating that the ptc Ϫ cells
Up-Regulation of Ptc by Hh Is Normally
Required to Limit the Movement of Hh along the compartment boundary have failed to restrict the movement of Hh.
The up-regulation of Ptc by Hh is a conserved feature of Hh signaling in all systems examined, yet this reWe also made clones of cells homozygous for ptc S2 , a mutant allele that gives rise to Ptc protein but appears sponse is paradoxical because the only activity previously ascribed to Ptc is to repress Hh signal transducindistinguishable from null alleles when assayed for its ability to repress inappropriate activity of the Hh signal tion. However, our experiments suggest that high levels of Ptc expression are required in these cells to limit the transduction pathway ( Figure 2E ; data not shown; see also Phillips et al., 1990; Jiang and Struhl, 1995 allele. As described above, ptc S2 encodes a mutated protein that has no detectable Ptc activity other than the ability to limit the movement of Hh. Nevertheless, we find that providing the ptc S2 gene together with the TPH transgene reconstitutes full ptc function; TPH ptc Ϫ / ptc S2 animals are viable, show normal patterns of Ptc, Ci, and dpp up-regulation in the wing disc and give rise to apparently normal flies (data not shown). Hence, we surmise that the up-regulation of ptc by Hh is specifically required during normal development to prevent the further movement of Hh into the A compartment. It is this capacity that is lacking in the transgene and restored by the introduction of the ptc S2 gene. Second, we assayed the rescuing activity of another transgene, TPT, designed to generate a higher level of constitutive Ptc expression owing to the substitution of the Tubulin␣1 3Ј UTR for the hsp70 3Ј UTR (see Experimental Procedures). We find that ptc Ϫ animals carrying a single copy of the TPT transgene survive to adulthood and form normal wings. Nevertheless, we observe that both a dpp-lacZ and a ptc-lacZ reporter gene are expressed in abnormally broad stripes in the wing discs of these animals (Figures 4A and 4B ; data not shown), suggesting that the level of Ptc expression derived from the transgene may not suffice to restrict the movement of Hh to the same extent as in wild-type animals. This possibility is supported by our finding that adding a induced by Hh appears to exceed the level necessary and Flp-out techniques (Nellen et al., 1996) cedures). Such clones develop normally, provided that they do not abut the compartment boundary ( Figure  transgene do not survive to adulthood. Hence, we as-5A; data not shown). However, clones that abut the sayed the ability of the transgene to rescue the developboundary from either the anterior or posterior side cause ment of clones of ptc Ϫ cells. We find that such clones moderate reductions in the up-regulation of Ci expresdevelop normally, provided that they arise at a distance sion as well as mild patterning defects in the adult, and from the A/P compartment boundary; in particular, they wing discs in which overexpressing ptc clones abut the do not express dpp or exhibit elevated levels of Ptc and A/P compartment boundary from both sides show seCi, nor do they alter the adult wing pattern ( Figure 3A; vere reductions in Ci expression and wing pattern (Figdata not shown) . However, the presence of the transures 5B and 5C; data not shown). The independent and gene does not rescue the development of ptc Ϫ clones additive effects of overexpressing Ptc along each side that arise immediately anterior to the A/P boundary; dpp of the A/P compartment boundary suggest that such is expressed in an abnormally broad domain associated overexpression compromises the ability of P cells to with these clones (Figures 3B and 3C) . Thus, the level send, and A cells to receive, Hh. Because Ptc is normally of Ptc expression derived from the transgene is sufficient to repress ectopic Hh transducing activity in cells not expressed in the P compartment, it is possible that the Compartment Boundary Compromises Hh Signaling lacZ expression), whereas the thick arrow indicates a clone expressUAS>ptc clones generated away from (A), or along one (B and C) ing Ptc derived solely from two copies of the wild-type gene (marked or both (C) sides of the A/P compartment boundary in MS1096-by the higher level arm-lacZ staining, present in two copies in the Gal4; UAS>CD2, y ϩ >ptc wing discs. Clones are marked by the loss clone). Note that the level of Ptc generated from two copies of the of CD2 expression (arrows) and the effects of the clones on Hh Tub␣1-ptc-Tub␣1 transgene is significantly higher than that derived signal transduction monitored by assaying the level of Ci expression from two copies of the ptc ϩ gene away from the A/P boundary. In along the A/P boundary (outlined in blue). Ci up-regulation is not contrast, A compartment cells next to the A/P boundary that have affected by clones positioned at a distance from the boundary (A); one copy of each gene (thin arrow), express levels of Ptc that are however, it is diminished when either A (C, filled arrow) or P (B, higher than cells carrying two copies of the transgene (arrowhead), open arrow) compartment clones abut the boundary and is abolindicating that the transgene is generating levels of Ptc that apished when clones abut both sides of the boundary (C). proach, but do not reach, the level of Ptc expressed by wild-type A compartment cells exposed to Hh. cells, behave simply as if unable to transduce Hh (Figures 6B and 6C) . That is, A compartment clones that its ectopic expression in these cells reduces the amount run along the A/P compartment boundary cause the of Hh available to signal to A compartment cells.
formation of double-A winglets at the expense of the remainder of the wing pattern, whereas clones that arise elsewhere in the wing develop normally. Hence, the conPtc Regulates Smo Activity in Response to Hh Signaling stitutive activity of the Hh transduction pathway caused by removing ptc activity depends on ectopic Smo activAs shown in Figure 1 , smo Ϫ cells behave as if they cannot transduce Hh, and this deficiency leads to a phenotype ity. This result indicates that Ptc normally represses or precludes Smo activity in the absence of Hh. in which the A compartment develops as a symmetric double-A winglet at the expense of the rest of the wing. In contrast, ptc Ϫ cells behave as if they constitutively Discussion transduce Hh and organize the formation of a supernumerary double-A winglet (e.g., compare Figures 1C and Hh proteins exert profound organizing activities during animal development, activities that appear linked in all 6A; see Phillips et al., 1990; Capdevila et al., 1994; Jiang and Struhl, 1995; Li et al., 1995) . To assess the causal systems examined to the induction of high levels of ptc expression in neighboring cells (Hooper and Scott, 1989 Marigo et al., 1996; Vortkamp et al., 1996) . Howhave to deplete the available pool of secreted Hh, a process of sequestration that would require these cells ever, in Drosophila, ptc encodes a transmembrane protein whose only known function is to repress Hh signal to bind, inactivate, or eliminate Hh. A simple explanation, which we favor, is that Ptc can bind Hh, allowing cells transduction. Hence, the Ptc paradox: why does Hh upregulate Ptc, if Ptc acts only to block the ability of cells that express high levels of Ptc to adsorb any free Hh. The binding of Hh to Ptc could also lead to the inactivation or to respond to Hh? Here, we offer a resolution to this paradox by establishing a second role for Ptc; we proremoval of Hh (e.g., by proteolytic cleavage or endocytosis), making the process of sequestration irreversible. vide evidence that high levels of Ptc are both necessary and sufficient to enable A compartment cells to seques-
The main virtue of this explanation is that it accounts for the tight correlation we observe between the level of ter Hh and restrict its range of action. Hence, we propose that Ptc up-regulation reflects a conserved mechanism Ptc expression and the degree to which Ptc-expressing cells can restrict the movement of Hh in vivo. It is also by which Hh limits its own ability to move through responsive tissue.
testable because it predicts that Ptc will have Hh binding activity, a possibility that can be assayed in vitro. In addition to showing that high levels of Ptc allow cells to sequester Hh, we also demonstrate that Ptc There are, however, more complex interpretations that are tenable. In particular, Ptc may interact with represses the Hh signal transductio n pathw ay by blocking the intrinsic activity of Smo, a protein of the Hh indirectly, e.g., through its ability to tether another protein that directly binds or modifies Hh. Another possiserpentine family of heterotrimeric G protein-coupled receptors (Alcedo et al., 1996; van den Heuvel and Ing- bility is that Ptc can bind to Hh but only as part of a complex with Smo (see below; Figure 7 ). Although our ham, 1996). The structure of Smo, its partial homology to the Frizzled family of putative Wnt receptors, and results do not allow us to discriminate between possible mechanisms in which Hh is bound either by Ptc alone, recent genetic evidence indicating that it is necessary for Hh signal transduction have led to the proposal that or by a Ptc-Smo complex, they do suggest that Smo lacks the capacity to bind Hh in the absence of Ptc. This Smo encodes an Hh receptor (Hooper, 1994; Alcedo et al., 1996; Bhanot et al., 1996; is because ptc Ϫ cells fail to limit the spread of Hh even though Smo is active in these cells and all other outgham, 1996, reviewed by Perrimon, 1996) . However, our evidence that Ptc is involved both in sequestering Hh puts of Hh signaling appear to be induced ( Figures 2C  and 2D ). and in modulating Smo activity in response to Hh points towards a more complex class of mechanisms in which
The argument that Ptc is a component of the Hh receptor depends not only on our evidence that Ptc is involved Ptc or a Ptc-Smo complex serves as the Hh receptor.
in sequestering Hh but also on the result of our genetic epistasis experiment ( Figure 6 ). We find that the loss of
Hh Sequestering and Transducing Roles of Ptc
Ptc activity in A compartment cells leads to the cellReceptors for extracellular ligands are defined by at autonomous and constitutive activity of Smo, regardless least two properties. First, they physically interact with of whether or not these cells are exposed to Hh. Thus, and hence receive the ligand. Second, as a conseit appears that Hh can modulate Smo activity only in quence of ligand binding, their conformation or intrinsic the presence of Ptc. This result suggests that Ptc is activity is altered, initiating a sequence of events that positioned upstream of Smo in Hh signal transduction, transduces the reception of the ligand into a change in either as a factor that regulates Smo-transducing activcellular behavior. As we discuss below, our findings ity in response to Hh or as a factor that facilitates the allow us to attribute both properties to Ptc and hence direct modulation of Smo activity by Hh. lead us to propose that Ptc is a component of the Hh receptor.
The key evidence suggesting a direct role for Ptc in Ptc and Smo in Hh Signal Transduction: Possible Mechanisms receiving Hh comes from experiments in which we manipulate Ptc expression in A compartment cells along Any model for the molecular roles of Ptc and Smo must account for two unusual aspects of Hh signal transducthe A/P boundary. We find that experimental interventions that eliminate Ptc ( Figures 2C and 2D) or block its tion, namely, first, that Hh initiates its transduction pathway by blocking the intrinsic activity of Ptc, and second, normal up-regulation in these cells (Figures 1, 2A , and 3), allow Hh to spread too far into the A compartment.
that the activity of Smo, which is structurally related to G protein-coupled serpentine receptors, is not directly Conversely, manipulations that cause these cells to express high levels of Ptc ( Figures 2B, 2E , and 4), impede controlled by any known ligand but rather by the state of Ptc. In Figure 7 , we present two related models that the movement of Hh into the A compartment. Indeed, we even find evidence that forcing high levels of ectopic can account for both. In the first model ( Figure 7B ), we propose that Ptc Ptc expression in P compartment cells can limit the amount of Hh available to move into the A compartment interacts directly with Smo to form a Ptc-Smo complex in which Smo is rendered inactive. The binding of Hh to ( Figure 5) . Thus, there is a tight correlation between the ability of a cell to express high levels of Ptc and its this complex then releases the latent activity of Smo. For example, Hh binding could simply dissociate the ability to reduce the availability of secreted Hh to other cells.
Ptc-Smo complex to generate free Smo that is active, or it might change an allosteric interaction within the How might the expression of high levels of Ptc allow cells to limit the availability of Hh to other cells? To complex that is responsible for the repression of Smo activity. One consequence of derepressing Smo activity restrict the availability of Hh, Ptc-expressing cells would this complex itself could be viewed as a multimeric receptor with distinct Hh-binding (Ptc) and Hh-transducing (Smo) components.
The second model ( Figure 7C ) differs from the first in that Hh interacts only with Ptc, and the action of Ptc on Smo is not direct. In this case, we propose that in the absence of Hh, Ptc sequesters an essential cofactor for Smo. Hh binding to Ptc then leads to the release of the cofactor and induces Smo activity.
Key aspects of these models, such as the affinity and nature of the direct interactions that we posit occur between Hh, Ptc, and Smo, remain unspecified, and there is, as yet, no evidence for the Smo cofactor shown in Figure 7C . However, both models are logically equivalent in that Hh need bind only some, and perhaps only a few, molecules of Ptc or the Ptc-Smo complex to elicit Smo activity. In principle, the two models can be distinguished experimentally. The direct model ( Figure  7B ) predicts that Ptc and Smo should interact physically, and such interactions could be verified genetically by allele-specific interactions or by biochemical means. Conversely, the indirect model ( Figure 7C ) predicts the existence of additional factors, such as the putative Smo cofactor, which causally link the state of Ptc activity to that of Smo.
General Implications of the Hh Signal Transduction Mechanism
It is not obvious why the mechanism of Hh signal transduction is so complex. However, we suggest that it may have to do with the unusual role Hh plays in regulating its own movement through responding tissues. During early Drosophila development, the receptors Toll and Torso are uniformly distributed along the surface of the embryo and are responsible for trapping, as well as -Volhard, 1992; Casanova and Struhl, 1993;  on either side. Morisato and Anderson, 1994; Casanova et al., 1995 shown in Figure 1C , indicating that the mutant cells can neither However, the situation with Ptc differs from that of Toll sequester, nor transduce, Hh.
or Torso in that its ability to impede the movement of Clones are outlined in black and wing structures indicated as in Figure 1 ; the sha mutation used to mark the ptc S2 clone shown in its ligand, Hh, is itself dependent on transduction of the (A) reduces or eliminates wing hairs, allowing the clone to be visualsignal. Thus, Hh may restrict its own range of action by ized as a white swath in the photograph.
up-regulating the expression of a ligand-binding component of its receptor. We note two corollaries to this conclusion. First, it is is an elevation in the level of ptc transcription; this causes a corresponding increase in the level of Ptc on no longer necessary to posit that the up-regulation of Ptc serves an important role in regulating the Hh signal the cell surface that then binds and sequesters any remaining free Hh, creating a barrier to its further movetransduction pathway in cells exposed to Hh. Instead, it may occur solely because it is required to restrict the ment. For simplicity, we assume that the expression of Smo is not elevated in response to Hh signaling or the movement of the ligand. Second, although Hh is known to act as a short-range signal during Drosophila develup-regulation of Ptc. As a consequence, we suppose that Hh is sequestered primarily by "free" (Figure 4) . Thus, the ability of Hh to limit its own movement by up-regulating Ptc may allow it to serve either as a short-or long-range signaling molecule depending on developmental context. Ingham, 1996) . DCO E95 : an apparent null mutation of the DC0 gene that encodes the catalytic subunit of PKA (Jiang and Struhl, 1995) , referred to as PKA Ϫ . sha and stc: recessive cell marker mutations on 2L and 2R that split, or reduce the size of, wing hairs (Phillips et al., 1990; Jiang and Struhl, 1995) .
ptc IIW and ptc P78 : null alleles (Nakano et al., 1989; Capdevila et al., 1994) . ptc S2 : a protein-coding allele that behaves like ptc Ϫ alleles in causing ectopic activation of the Hh signal transduction pathway when homozygous (Phillips et al., 1990; Ingham, 1991; Ingham and Higalgo, 1993; Jiang and Struhl, 1995; this study) .
dpp-lacZ3.0 and ptc-lacZ(III): dpp-lacZ (Blackman et al., 1991) and ptc-lacZ (ptc(10.8L)A; J. Grenier, Y. Higashi, and M. Scott, personal communication) transgenes. dpp-lacZ3.0 is inserted in the right arm of chromosome 2, the others in chromosome 3.
en Xho25 , hh P30 , dpp P10638 : lacZ-expressing enhancer-trap alleles (for Figure 7 . Possible Roles for Ptc and Smo in Receiving and Transreferences see Zecca et al., 1995) . ducing promoter-lacZ (A) The regulatory relationships between Ptc, Smo, and Hh are diatransgenes inserted on 2L and 2R that express lacZ ubiquitously grammed in A compartment cells away from (left) and next to (right) (Vincent et al., 1994) . the A/P compartment boundary. In cells away from the boundary, CD2.2L.1 and CD2.2R.1: hsp70-CD2, y ϩ transgenes inserted on low levels of Ptc (red) suffice to repress Smo (green) or render it 2L and 2R (Jiang and Struhl, 1995) . inactive. In cells next to the boundary, Hh (dark blue) represses or MS1096-Gal4: a Gal4 driver line expressed in third instar wing alters Ptc activity, rendering Smo active, and as a consequence updiscs (Capdevila and Guerrero, 1994) . regulates Dpp (light blue) and Ptc expression at the transcriptional hsp70 and FRT transgenes: as previously described (Chou and level. Perrimon, 1992; Xu and Rubin, 1993; Jiang and Struhl, 1995) ; other (B) Model for direct action of Ptc on Smo. In cells away from the markers and chromosomal rearrangements are described in Lind-A/P boundary (left), Ptc associates in a complex with Smo and sley and Zimm (1972 (Zecca et al., 1995) in which of activity depending on whether Hh is bound to Ptc; color coding the hh coding sequence is replaced by the ptc coding region (nucleas in [A] ). In the absence of Smo activity, PKA blocks the Hh signal otides 617-4655; Hooper and Scott, 1989 ) and the >CD2, yϩ> Flptransduction pathway, possibly by phosphorylating and inactivating out cassette removed. All six lines of transformants obtained resCi, and as a consequence ptc is expressed at low level and dpp is cued ptc Ϫ /ptc S2 flies to adulthood, and all but line TPT.2L also resnot transcribed at all. In cells next to the A/P boundary (right), Hh cued ptc Ϫ /ptc Ϫ flies. Since TPT.2L is the only line located on 2L, it secreted by neighboring P compartment cells binds to Ptc, causing was used in generating smo 3 ptc S2 clones (see below). it to dissociate from Smo or changing the nature of its interaction with Smo. As a consequence, Smo is rendered active and alleviates the repression of Ci imposed by PKA activity, allowing the level of Ci to rise and causing dpp, ptc as well as other outputs of Hh (C) Model for indirect action of Ptc on Smo. In cells away from the signaling to be up-regulated. The induced cells express high levels A/P boundary, Ptc sequesters a cofactor (yellow) that is essential of Ptc that sequester and thereby impede the further diffusion of for Smo activity. In cells next to the boundary, Hh binding to Ptc Hh into the A compartment; they also secrete Dpp, which organizes causes release of the factor, which then binds to Smo and renders the development of both compartments.
it active.
